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Clinical PerspectiveWhat Is New?An Ossabaw miniature swine model of hypercholesterolemia and atherosclerosis expresses a gain‐of‐function PCSK9 (proprotein convertase subtilisin‐like/kexin type 9) protein with high homology to humans.What Are the Clinical Implications?This is a preclinical model for testing drugs to reduce cholesterol or atherosclerotic conditions before entering the clinic.This is a preclinical model for testing safety or efficacy of devices for coronary or peripheral atherosclerosis.This is a model to test novel imaging techniques or biomarkers of atherosclerosis.

Introduction {#jah33026-sec-0008}
============

The healthy domestic swine model is currently relied on for preclinical safety and performance testing of therapeutic interventions intended to treat cardiovascular diseases. Because of the lack of coronary pathological features, a swine model that replicates human coronary artery disease has been pursued for decades.[1](#jah33026-bib-0001){ref-type="ref"}, [2](#jah33026-bib-0002){ref-type="ref"}

Swine with naturally occurring low‐density lipoprotein receptor (*LDLR*) and *APOB* mutations are related to a frequently used large‐animal model of cardiovascular disease, the Rapacz model. Experience with this model has shown that attaining a consistent effect on lesion development with a traditional breeding and selection approach is challenging.[3](#jah33026-bib-0003){ref-type="ref"} More recently, an *LDLR* gene knockout model has been reported in Yucatan and conventional swine.[4](#jah33026-bib-0004){ref-type="ref"}, [5](#jah33026-bib-0005){ref-type="ref"} Homozygous animals had pronounced dyslipidemia, and after 4 to 6 months consuming a modified diet, some advanced lesion development was observed in the abdominal aorta and coronary arteries of Yucatan and conventional swine, respectively. Although this represents an improvement in atherosclerosis modeling, models compatible with emerging cholesterol‐lowering therapies targeting *PCSK9* (proprotein convertase subtilisin‐like/kexin type 9)[6](#jah33026-bib-0006){ref-type="ref"}, [7](#jah33026-bib-0007){ref-type="ref"} would be useful. In addition, although domestic swine have excellent fecundity (litters of 10+ versus 4--6 for minipigs), they rapidly outgrow practical research approaches, such as the use of clinical tools.

PCSK9, a major regulator of LDL receptor recycling and LDL fate in pigs and humans, is a more recently appreciated factor in atherosclerosis and cardiovascular disease.[8](#jah33026-bib-0008){ref-type="ref"}, [9](#jah33026-bib-0009){ref-type="ref"}, [10](#jah33026-bib-0010){ref-type="ref"} Rare *PCSK9* gain‐of‐function (GOF) mutations are linked to familial hypercholesterolemia in humans.[11](#jah33026-bib-0011){ref-type="ref"} One particular GOF mutation, which substitutes an aspartic acid for tyrosine at amino acid 374 (D374Y), causes a particularly severe disease phenotype in heterozygous individuals.[12](#jah33026-bib-0012){ref-type="ref"}, [13](#jah33026-bib-0013){ref-type="ref"}, [14](#jah33026-bib-0014){ref-type="ref"}, [15](#jah33026-bib-0015){ref-type="ref"} Hence, the *PCSK9‐D374Y* mutation makes an excellent target from the standpoint of modeling familial hypercholesterolemia in swine because of strong, fully penetrant, and dominant effects on LDL. Indeed, *PCSK9‐D374Y* transgenic Yucatan swine have been studied and show significant elevations in total and LDL cholesterol (LDLc), but not triglycerides,[16](#jah33026-bib-0016){ref-type="ref"} and lesions observed in the coronary arteries were predominantly an early‐stage event after 11 to 12 months receiving high‐fat and high‐cholesterol (HFHC) diet.

In contrast to Yucatan and conventional swine breeds, Ossabaw swine have a large capacity for fat deposition and vascular disease, and they have higher levels of fasting triglycerides and nonfasting insulin compared with conventional swine.[17](#jah33026-bib-0017){ref-type="ref"}, [18](#jah33026-bib-0018){ref-type="ref"}, [19](#jah33026-bib-0019){ref-type="ref"}, [20](#jah33026-bib-0020){ref-type="ref"} Similar to other swine, Ossabaw fed an HFHC diet develop dyslipidemia, but distinctively develop diffuse coronary lesions subsequent to stent placement.[21](#jah33026-bib-0021){ref-type="ref"} Multiple studies have demonstrated insulin resistance and metabolic syndrome in the Ossabaw breed, which significantly increase the comorbidity risk of diabetes mellitus and cardiovascular disease in humans, suggesting that it presents a valuable genetic background for swine model development.[22](#jah33026-bib-0022){ref-type="ref"}, [23](#jah33026-bib-0023){ref-type="ref"}, [24](#jah33026-bib-0024){ref-type="ref"}, [25](#jah33026-bib-0025){ref-type="ref"}, [26](#jah33026-bib-0026){ref-type="ref"}, [27](#jah33026-bib-0027){ref-type="ref"}, [28](#jah33026-bib-0028){ref-type="ref"} Therefore, we hypothesized that incorporation of *PCSK9‐D374Y* in this susceptible breed will produce a robust model with reduced latency and improved consistency for atherosclerotic lesion development.

Methods {#jah33026-sec-0009}
=======

The study was approved by the Institutional Animal Care and Use Committee. The data, analytic methods, and study materials are available by request to other researchers for purposes of reproducing the results or replicating the procedure.

Vector Construction {#jah33026-sec-0010}
-------------------

The PCSK9 coding sequence was derived from the *Pan troglodyte* coding sequence (GenBank: EF692497.1). The coding sequence is positioned downstream from a liver‐specific fusion promoter, consisting of albumin enhancer coupled with the human α‐1 antitrypsin promoter. The promoter construct and PCSK9‐D374Y coding sequence were produced through a commercially available solid state gene synthesis service, and the coding sequence was codon optimized for expression in swine (Epoch Life Sciences). The commercially supplied pBSK‐E‐AT‐PCSK9 D374Y plasmid was digested with SpeI and BglII restriction endonucleases and cloned into the pKT2C‐EGFP[29](#jah33026-bib-0029){ref-type="ref"} transposon plasmid digested with the same enzymes to produce pKT2‐E/AT‐PCSK9‐D374Y. The pKT2/PGK‐PuroDtk and pKC‐SB11 vectors were described previously.[29](#jah33026-bib-0029){ref-type="ref"}

Production of Cloned Minipigs With PCSK9 GOF Mutant {#jah33026-sec-0011}
---------------------------------------------------

Pig fibroblasts were isolated from 43‐day‐old fetuses of Ossabaw minipig (Swine Resource, Indiana University, Bloomington, IN) or 43‐day‐old Landrace fetuses. The tissue was dissociated using a collagenase/DNaseI treatment and mechanical disruption, and tissue was cultured in DMEM enriched with 10% fetal bovine serum and antibiotic/antimycotic solution (Invitrogen, Carlsbad, CA). For transfection, passage 0 fibroblasts were thawed and plated in DMEM high‐glucose media enriched with 10% fetal bovine serum, 2 mmol/L [l]{.smallcaps}‐glutamine, and penicillin/streptomycin (Invitrogen, Carlsbad, CA) and grown at 38C°, 5% CO~2~. A 5:1:3 cocktail of gene‐of‐interest transposon (10 µg; pKT2‐E/AT‐PCSK9‐D374Y):selection marker transposon (pKT2/PGK‐PuroDtk):pKC‐SB11 was introduced into 1.0×10^6^ PFF cells by nucleofection using the Basic Fibroblast Nucleofection kit (Lonza). After a 48‐hour recovery, a portion of the transfected cells was plated on 2 96‐well plates at densities of 5 and 50 cells/well. To aid in plating efficiency, nontransfected cells were included to result in a final density of 1000 cells/well before selection. The remaining cells were plated in 100‐mm plates at densities of 20 000 and 100 000 cells/plate and selected in 1.2 μg/mL of puromycin for 10 to 14 days. Because of extremely high coretention of the gene‐of‐interest by this method,[30](#jah33026-bib-0030){ref-type="ref"} pools of puromycin‐resistant cells from the 100 000 cells/plate condition were used directly for cloning of founders. All cloned reconstructed embryos were produced under license of Chromatin Transfer technology[31](#jah33026-bib-0031){ref-type="ref"} from Hematech to Cooperative Resources International Center for Biotechnology (Verona, WI). Oocyte collection, maturation, and micromanipulation and embryo transfer were performed following established standard operating procedures. Founder animals 1513 were cloned from the pooled puromycin‐resistant cells. All animals enrolled in the in vivo study were produced by cloning of adult derived fibroblasts from 1513.

Genome Sequencing and Insertion Mapping of 1513 {#jah33026-sec-0012}
-----------------------------------------------

Genomic DNA from Ossabaw 1513 was sequenced to a ×30 coverage using Illumina paired‐end sequencing. Insertions sites were identified by comparison to the reference genome. First, reads that overlap with the inserted sequence were extracted, the flanking region was identified, and the scaffold around the PCSK9 insert was reconstructed by iteratively expanding the overhanging sequence. Second, we mapped the whole genome sequence reads to the reference pig genome. Soft clipped reads (reads that are partially mapped) are then extracted and aligned to the insert sequence. By combining the results from these steps, we reconstructed all 3 flanking sequences of the PCSK9 inserts. The entire workflow is implemented using a customized python script integrating bowtie2, fastq‐extract, samtools, and mosaic.[32](#jah33026-bib-0032){ref-type="ref"}, [33](#jah33026-bib-0033){ref-type="ref"}, [34](#jah33026-bib-0034){ref-type="ref"} The coordinates of the flanking sequences were mapped using BLAST against the Sscrofa11.1 reference genome from National Center for Biotechnology Information.

Study Groups and Experimental Design {#jah33026-sec-0013}
------------------------------------

Cloned *PCSK9* GOF Ossabaw swine (3 months old; Recombinetics, Inc, St Paul, MN) were fed either a standard chow (PCSK9 GOF, 13% protein, 2% fat, 6% fiber; Purina Animal Nutrition LCC, MN) or an atherogenic diet (PCSK9 GOF atherogenic, 23% fat, 15.9% sucrose, 2% cholesterol) for 6 months (n=7 each). Wild‐type Ossabaw male clones (3 months old), cloned by the methods previously described from a separately derived line of male fetal fibroblasts, fed with standard chow served as controls (n=7).

Before initiation of diet, telemetry transducers (DSI, St Paul, MN) were implanted in the femoral arteries of all pigs. Blood pressure was subsequently measured and averaged for 3 days before each in vivo study. At 3 and 6 months after initiation of diet, blood oxygen level--dependent MR imaging, multidetector computed tomography (MDCT), and intravascular imaging studies were performed to assess cardiac oxygenation, function, and the coronary arteries, respectively. Myocardial blood oxygen level--dependent MR imaging is a non--contrast‐enhanced noninvasive approach to assess myocardial oxygenation by the signal generated by endogenous deoxyhemoglobin in the blood.[35](#jah33026-bib-0035){ref-type="ref"} MDCT affords evaluation of cardiac structure and function.[36](#jah33026-bib-0036){ref-type="ref"} In addition, we used contrast‐enhanced CT angiography (CTA),[36](#jah33026-bib-0036){ref-type="ref"} intravascular ultrasound (IVUS), and optical coherence tomography (OCT)[37](#jah33026-bib-0037){ref-type="ref"} for a comprehensive in vivo assessment of atherosclerotic lesion development and progression. Under anesthesia (IV 5 mg/kg telazol plus 2 mg/kg xylazine), in intubated and mechanically ventilated pigs, catheters were placed in the carotid arteries, blood samples were drawn for lipid panel and PCSK9 protein quantification, and imaging studies were then performed. At 1 week after completing all in vivo studies, pigs were euthanized with sodium pentobarbital (100 mg/kg IV Fatal Plus; Vortech Pharmaceuticals, Dearborn, MI). The heart was immediately removed and prepared for micro‐CT studies or perfused and preserved in formalin for histopathological studies. Liver samples were collected to assess PCSK9 and LDL receptor by Western blot.

Systemic Measurements {#jah33026-sec-0014}
---------------------

Systemic plasma total cholesterol (TC), triglycerides, LDLc, and high‐density lipoprotein cholesterol levels were measured by standard procedures. Secreted PCSK9 protein concentration was determined in plasma (diluted at 1:800) using human PCSK9 Quantikine ELISA kit (DPC 900; R&D Systems, Minneapolis, MN), following manufacturer\'s protocol. Nuclear MR lipid concentrations and size measurements were performed by the Immunochemical Core Lab (Mayo Clinic, Rochester, MN) with the standard human protocol. Heart rate was recorded using an intra‐arterial catheter during the imaging session. Mean blood pressure was assessed as the average area under the telemetry recorded pressure curve. Rate‐pressure product, an index of cardiac oxygen consumption, was calculated as the product of resting heart rate and systolic blood pressure.

In Vivo Studies {#jah33026-sec-0015}
---------------

### Blood oxygen level--dependent MR imaging {#jah33026-sec-0016}

Myocardial blood oxygen level--dependent MR imaging scans were performed on a 3.0‐T scanner (Signa EXCITE; GE Healthcare, Waukesha, WI) to assess myocardial oxygenation. Short‐axis images were acquired using an ECG‐gated spoiled gradient echo sequence during suspended respiration. The imaging parameters were as follows: repetition time, 1 R‐R interval; echo time, 2.2 to 11.6 milliseconds; number of echoes, 8; matrix size, 128×128; field of view, 35×35 cm^2^; slice thickness, 5 mm; and flip angle, 30°. Myocardial R2\* was quantified pixel‐wise by an exponential fitting of the MR signal intensity versus echo times using in‐house developed Matlab software (Matlab 7.10; The MathWorks, Natick, MA), as described previously.[38](#jah33026-bib-0038){ref-type="ref"}, [39](#jah33026-bib-0039){ref-type="ref"} The region of interest was manually traced on the T2\*‐weighted images with an echo time of 7.6 milliseconds.

### Multidetector CT {#jah33026-sec-0017}

To evaluate cardiac function and microvascular function, MDCT (SomatomFlash‐128; Siemens Medical Solution, Forchheim, Germany) images were acquired and analyzed using Analyze (Biomedical Imaging Resource, Mayo Clinic), as shown previously.[38](#jah33026-bib-0038){ref-type="ref"}, [39](#jah33026-bib-0039){ref-type="ref"} A 50‐second flow scan followed a bolus injection of the contrast medium iopamidol (0.33 mL/kg over 2 seconds) into the right atrium to evaluate myocardial perfusion in the lateral left ventricular (LV) wall.[40](#jah33026-bib-0040){ref-type="ref"} Subsequently, the entire LV was scanned 20 times at multilevels throughout the cardiac cycle for measurement of indexes of LV systolic (cardiac output and LV ejection fraction) and diastolic (E/A ratio) function, as well as LV muscle mass. Cardiac volume and pericardial fat (density between −190 and −30 Hounsfield units)[41](#jah33026-bib-0041){ref-type="ref"} were then traced manually at each cross‐section, as shown.[38](#jah33026-bib-0038){ref-type="ref"}, [39](#jah33026-bib-0039){ref-type="ref"}, [40](#jah33026-bib-0040){ref-type="ref"} Pericardial fat was assessed as adipose tissue enclosed by the visceral pericardium, expressed as a fraction of cardiac volume.

### CT angiography {#jah33026-sec-0018}

CTA images were reconstructed from the cardiac volume scan to assess coronary artery diameters, lesions, and luminal narrowing. Aquarius iNtuition viewer (4.4.11; TeraRecon, Inc) was used for semiautomatic quantitative analysis by an experienced examiner.[42](#jah33026-bib-0042){ref-type="ref"}, [43](#jah33026-bib-0043){ref-type="ref"} Briefly, a fast vessel‐tracking algorithm defined the center line of the coronary artery, and straightened multiple planar reformatted volume images were reconstructed. Multiple planar reformatted volume‐deprived longitudinal contours and concomitant transverse contours, based on an initial approximation of the lumen border locations of longitudinal contours, were established by the algorithm, with manual editing and adjustment if indicated. For identified lesions, reference diameter, minimal lumen diameter, diameter stenosis (% DS), and lesions length were obtained. The diameters of each coronary vessel at its ostium, middle, and distal segments were measured using the 17 coronary segments model, according to the American Heart Association classification.[44](#jah33026-bib-0044){ref-type="ref"} Luminal DS was calculated as the ratio between the smallest luminal diameter and the average reference diameter proximal and distal to the lesion.

### IVUS and OCT {#jah33026-sec-0019}

To assess vascular wall pathological features, IVUS and OCT studies were performed after the MDCT scan, as described previously.[45](#jah33026-bib-0045){ref-type="ref"}, [46](#jah33026-bib-0046){ref-type="ref"} In brief, after intracoronary administration of 100 to 200 μg nitroglycerin, a 0.014‐inch guide wire was advanced into the distal left anterior descending artery (LAD). A 20‐MHz IVUS catheter (Volcano; Eagle Eye Gold, Rancho Cordova, CA) was advanced into the middle to distal LAD, and automatic pullback was done (0.5 mm/s). IVUS images were recorded on a DVD. Offline volumetric reconstruction and virtual histological analyses were performed by an independent experienced examiner "blinded" in 20‐mm segment of the proximal LAD using the Volcano Image Analysis software V3.1. Quantitative volumetric analysis included the average vessel volume (mm^3^) (average vessel area×20 mm), average lumen volume (mm^3^) (average lumen area×20 mm), plaque volume (PV; mm^3^) (vessel volume minus lumen volume), and % PV (PV/average vessel volume)×100. Plaque progression was assessed as the Δ% PV (difference between 6 and 3 months % PVs). Virtual histological IVUS analysis color coded tissue as dark green (fibrous tissue), light green (fibrofatty tissue), red (necrotic core), or white (dense calcium).

Subsequently, the IVUS catheter was replaced with a 2.7F OCT catheter (C7 DragonFly; St Jude Medical, St Paul, MN) to record OCT images from the mid‐ to distal LAD artery at an automatic pullback speed of 20 mm/s (100 frames/s), with blood clearance by infusion of contrast media. Images were analyzed offline by LightLab imaging (C7‐XRTM system; St Jude Medical).[46](#jah33026-bib-0046){ref-type="ref"}, [47](#jah33026-bib-0047){ref-type="ref"} An atherosclerotic plaque was defined as a mass lesion (focal thickening) or loss of a layered structure of the vessel wall.[48](#jah33026-bib-0048){ref-type="ref"} To coregister a lesion location between initial and follow‐up IVUS and OCT studies, anatomical landmarks, such as side branches or calcifications, were used.

### Micro‐CT {#jah33026-sec-0020}

To evaluate the myocardial microcirculation, an intravascular contrast (microfil; Flow Tech Inc, Tempe, AZ) was perfused into the myocardial microvessels under physiological pressure through a cannula ligated in a branch of the left circumflex coronary artery (LCX). The transmural myocardium was scanned with an in‐house micro‐CT at a 20‐μm resolution. The spatial density, average diameter, and tortuosity of microvessels (diameters, 20--500 μm) in the subepicardium and subendocardium were analyzed using ANALYZE, as described.[49](#jah33026-bib-0049){ref-type="ref"}

Histopathological Analysis {#jah33026-sec-0021}
--------------------------

After euthanasia, the hearts were harvested, and the coronary arteries were perfusion fixed and subsequently removed and sectioned at 3‐ to 5‐mm intervals, with the most proximal segment offset in the block for paraffin embedding with section orientation. Segments were dehydrated and paraffin embedded for histological studies, and 1 to 7 sections were obtained from the ostium, proximal, middle, and distal portions of each coronary artery. Because of variation in artery length, we typically had 1 to 3 sections for left main artery and 6 to 7 sections each for proximal, middle, and distal LAD, LCX, or right coronary artery (RCA). Heart tissue was sliced (1--1.5 cm) parallel to the posterior atrioventricular sulcus, and myocardial sections were sampled at the midlevel circumferentially to include the anterior, lateral, posterior, and septal walls and right ventricle. Tissues were stained with Movat\'s pentachrome to highlight connective tissue, hematoxylin and eosin to confirm lesion details, and von Kossa to demonstrate calcium deposits; they were examined by an experienced pathologist (F.D.K) using light microscopy. Coronary arteries were also stained with Sirius red. Immunohistochemistry was performed in paraffin‐embedded sections. Rabbit anti‐CD31 polyclonal antibody (1:100 dilution; ab28364; Abcam), mouse anti‐CD107a monoclonal antibody (1:400 dilution; MCA2315GA; AbD Serotec), mouse anti--smooth muscle actin monoclonal antibody (1:200 dilution; M0851; Dako), and mouse anti‐oxidized phospholipid antibody (1:100 dilution; E06 antibody 330001; Avanti) were used as primary antibodies. The immunohistochemical staining was developed and visualized by using EnVision+ kit (Dako) and NovaRED kit (Vector Laboratories). The images were captured by Axio Scan Z1 (Zeiss, Germany) using a ×20 objective, and figures were prepared on the HALO image analysis platform (Indica Labs, Corrales, NM). Positive immunostaining for CD107a and smooth muscle actin and the percentage of stenosis were quantified in representative images. Sirius red staining images taken on BX51 Olympus microscope under polarized light were also used for collagen quantification.

Lesion types were grouped as advanced lesions (fibrofatty or fibroatheroma), early lesions (intimal thickening and xanthoma), or normal.[50](#jah33026-bib-0050){ref-type="ref"} Briefly, early lesions, composed of smooth muscle cells and macrophage‐derived foam cells in the intima, are recognized by intimal thickening and fatty streaks. Advanced lesions, designated as fibrofatty or fibroatheroma, are typically characterized by a necrotic core with a fibrous cap, which consist of less cholesterol and lipid‐laden cells, matrix, cellular debris, and more foamy cell at the periphery of plaque and focal calcification on its base. The fibroatheromas have significant necrotic core, whereas the fibrofatty lesions have small sporadic necrosis, cholesterol clefts, and sometimes calcification. The average percentage of lesion number per all coronary artery sections was compiled for each pig. Sirius red myocardial staining was assessed by average percentage of staining/field (AxioVision 4.8.2; Carl Zeiss Microscopy, Thornwood, NY).[39](#jah33026-bib-0039){ref-type="ref"}

Statistical Analysis {#jah33026-sec-0022}
--------------------

Statistical analysis was performed using the JMP software package, version 13.0 (SAS Institute, Cary, NC). All available data are included in the analyses presented. Analyses of change between study time points were performed using repeated measurements analyses by matched pairs or standard least squares linear regression, as appropriate. Normally distributed data are expressed as mean±SD, with variance of means by study group analyzed by 1‐way ANOVA, and where significant, all pair comparisons of means were done using Tukey‐Kramer honestly significant difference method. Nonnormally distributed data are expressed as median and range, with variance analyzed by Kruskal‐Wallis rank sums testing, and where significant, all pair comparisons of means were done using Dunn method for joint ranking. Analyses of variance were done using α=0.05. Specific analyses are as indicated in figure or table legends.

Results {#jah33026-sec-0023}
=======

PCSK9 GOF Model Development {#jah33026-sec-0024}
---------------------------

The primate coding sequence for *PCSK9* (*Pan troglodytes*, 99% identical to *Homo sapiens*), containing the mutation causing D374Y substitution, was inserted into a *Sleeping Beauty* transposon under the direction of a liver‐specific promoter (Figure [1](#jah33026-fig-0001){ref-type="fig"}A). The transgene cassette was then introduced into male Ossabaw and Landrace fibroblasts using a transposon coselection strategy[30](#jah33026-bib-0030){ref-type="ref"} (Figure [1](#jah33026-fig-0001){ref-type="fig"}A), and multiple integration events were identified by Southern blotting (data not shown) and verified by sequencing (Figure [1](#jah33026-fig-0001){ref-type="fig"}B). Ectopic PCSK9 protein was present in serum of *PCSK9* GOF and absent in controls (Figure [S1](#jah33026-sup-0001){ref-type="supplementary-material"}A). Western blotting of liver protein extracts confirmed the reduction in LDL receptor protein as a result of the *PCSK9‐D374Y* transgene expression (Figure [S1](#jah33026-sup-0001){ref-type="supplementary-material"}B).

![Development and histopathological analysis of Ossabaw and Landrace founders. A, A schematic of the *Sleeping Beauty* transposon used to generate pigs with ectopic expression of chimpanzee (*Pan troglodytes*) *PCSK9* (proprotein convertase subtilisin‐like/kexin type 9) from the liver‐specific fusion promoter, consisting of the murine albumin enhancer (AlbE) and human α‐1 antitrypsin promoter (A1AT). B, Insertion sites of the PCSK9 transgene mapped in the Ossabaw founder. C, Representative images of plaques in the left anterior descending artery of Landrace and Ossabaw founders (A through L). The Landrace founder shows minimally occlusive lesions with neointimal hyperplasia and mild inflammation near the vessel lumen, whereas the Ossabaw founder shows an advanced, complex, highly occlusive lesion with extensive inflammation. Ages are 14 and 15 months for Landrace and Ossabaw, respectively. A through D, Hematoxylin & eosin (H&E). E through H, Modified Movat\'s pentachrome. I through L, Immunohistochemistry staining for CD107a, highlighting inflammation. Chr indicates chromosome; mCagg, mini Caggs promoter; PGK, phosphoglycerate kinase promoter; PuroDK, puromycin‐(delta)thymidine kinase; rBGpA, rabbit beta‐globin polyadenylation sequence; SV40pA; simian virus 40 polyadenylation sequence; UTR, untranslated region.](JAH3-7-e006207-g001){#jah33026-fig-0001}

Evaluation of Breed‐Specific Founders {#jah33026-sec-0025}
-------------------------------------

PCSK9 GOF founders were raised on a standard swine diet, and they were compared with standard diet‐fed cloned wild‐type swine. Irrespective of breed background, founders had apparent elevations in blood TC, LDLc, total triglycerides, and very‐LDL--associated (VLDL) triglycerides compared with unmodified controls (Table [1](#jah33026-tbl-0001){ref-type="table-wrap"}). Concordant with elevated LDLc and VLDL triglyceride concentrations, LDL and VLDL particle concentrations were increased in founder blood compared with controls (Table [S1](#jah33026-sup-0001){ref-type="supplementary-material"}). Founders also had apparent decreases in high‐density lipoprotein (HDL) cholesterol and HDL particle concentrations. The mean particle sizes of VLDL and HDL in founders were decreased and increased, respectively.

###### 

Fasting Blood Lipid Measurements in PCSK9 GOF Founders Receiving Standard Diet

   Group                     Blood Lipids, mg/dL                                      
  -------------------------- --------------------- ---------- ---------- ------------ -----------
  Control Landrace (n=2)     75.5±2.1              38.5±7.8   34.5±9.2   28.5±6.4     13±4.2
  Landrace PCSK9 GOF (n=2)   224.5±64              167.5±46   22±4.2     133.5±54.4   69.5±30.4
  Ossabaw PCSK9 GOF (n=1)    269                   204        27         165          74

Data are given as mean±SD. Lipid measurements were made using nuclear magnetic resonance; no statistics were done because of low number of animals for comparison. GOF indicates gain of function; HDLc, high‐density lipoprotein cholesterol; LDLc, low‐density lipoprotein cholesterol; PCSK9, proprotein convertase subtilisin‐like/kexin type 9; TC, total cholesterol; TG, triglyceride; VLDL, very‐low‐density lipoprotein.

Microscopic histopathological examination of the coronary vessels at 14 months in Landrace founder animals revealed early atheromas. In contrast, the coronary vessels in the 15‐month‐old Ossabaw founder (No. 1513) revealed advanced atherosclerotic disease, despite similar profiles of dyslipidemia. Coronary lesions in the Ossabaw founder showed significantly stronger inflammation, revealed by immunostaining for CD107a that highlights inflammatory macrophages highly expressing lysosome‐associated membrane protein 1, compared with that observed in the Landrace founder (Figure [1](#jah33026-fig-0001){ref-type="fig"}C and Figure [S2](#jah33026-sup-0001){ref-type="supplementary-material"}). Histopathological features revealed nearly occlusive plaques in each of the major coronary arteries of the Ossabaw founder, with estimates of stenosis reaching 70% to 90%. Because the benefits of Ossabaw genetics, specifically more severe phenotype and small stature, outweigh the superior fecundity of Landrace, further study was continued with only Ossabaw swine.

Disease Course in Ossabaw Cloned Progeny {#jah33026-sec-0026}
----------------------------------------

To characterize atherosclerosis progression in Ossabaw PCKS9 GOF animals and determine if atherogenic diet would accelerate disease, clones of the Ossabaw founder (No. 1513) were randomized into 2 groups (n=7 per group). Starting at 3 months of age, Ossabaw PCSK9 GOF animals were fed either a standard or atherogenic diet, and compared with standard diet fed, age‐matched, unmodified Ossabaw swine clones (n=7) at 6 and 9 months of age. Both PCSK9 GOF groups had marked dyslipidemia (Table [2](#jah33026-tbl-0002){ref-type="table-wrap"}). Significant elevations of TC and LDLc were measured in both PCSK9 GOF groups and at all time points compared with controls. The atherogenic diet induced further significant increases in TC, LDLc, and HDL cholesterol in these animals at both 6 and 9 months age. The LDL:HDL ratio changed from ≤1.0 in the controls to \>5.0 for all model animals, irrespective of diet. In contrast to the founder, only sporadic increases in triglycerides were measured in the PCSK9 GOF animals compared with controls. At 6 months of age, PCSK9 GOF animals consuming the standard diet had a statistically significant increase in triglycerides compared with age‐matched controls (*P*=0.0373). There were no significant correlations between age and triglycerides in controls or PCSK9 GOF animals. However, there was a moderate positive correlation between TC and age in PCSK9 GOF atherogenic animals (*R* ^2^=0.28). Although the effect of age on triglycerides was significant (*P*\<0.0159) in this group, the effect of diet must also be considered. A multiple regression analysis of age and diet using pooled PCSK9 data showed a stronger effect of age than diet, but neither factor was significant using this approach.

###### 

Fasting Blood Lipid Measurements From Characterization Study

  Age, mo                  Value, mg/dL                                                                                                                                                                                                                                     
  ------------------------ ---------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------- -------------------------------------------------- ----------------------------------------------------------------------------------------------
  Ossabaw control                                                                                                                                                                                                                                                           
  3                        78.7±23.1                                                                                      36.3±21.0                                                                                      29.8±10.0                                          36.3±2.3
  6                        76.7±24.5                                                                                      32.1±15.5                                                                                      25.3±19.9                                          39.6±6.5
  9                        83.7±20.9                                                                                      29.9±12.6                                                                                      34.6±29.0                                          47.0±13.4
  Ossabaw, PCSK9 GOF                                                                                                                                                                                                                                                        
  3                        293.0±22.0[a](#jah33026-note-0006){ref-type="fn"}                                              250.1±17.4[a](#jah33026-note-0006){ref-type="fn"}                                              31.7±10.7                                          36.4±4.2
  6                        466.7±214[a](#jah33026-note-0006){ref-type="fn"}                                               412.0±195[a](#jah33026-note-0006){ref-type="fn"}                                               48.0±14.7[b](#jah33026-note-0007){ref-type="fn"}   45.1±19.9
  9                        434.4±47.2[a](#jah33026-note-0006){ref-type="fn"}                                              388.7±45.8[a](#jah33026-note-0006){ref-type="fn"}                                              40.3±13.5                                          37.6±3.9
  Ossabaw, PCSK9 GOF ATH                                                                                                                                                                                                                                                    
  3                        345.0±67.9[a](#jah33026-note-0006){ref-type="fn"}                                              295.7±60.1[a](#jah33026-note-0006){ref-type="fn"}                                              40.0±13.0                                          41.3±8.0
  6                        857.6±143[a](#jah33026-note-0006){ref-type="fn"} ^,^ [c](#jah33026-note-0008){ref-type="fn"}   769.4±121[a](#jah33026-note-0006){ref-type="fn"} ^,^ [c](#jah33026-note-0008){ref-type="fn"}   38.9±11.5                                          80.3±25.3[a](#jah33026-note-0006){ref-type="fn"} ^,^ [c](#jah33026-note-0008){ref-type="fn"}
  9                        952.1±176[a](#jah33026-note-0006){ref-type="fn"} ^,^ [c](#jah33026-note-0008){ref-type="fn"}   853.6±161[a](#jah33026-note-0006){ref-type="fn"} ^,^ [c](#jah33026-note-0008){ref-type="fn"}   57.6±10.1[b](#jah33026-note-0007){ref-type="fn"}   87.1±20.8[a](#jah33026-note-0006){ref-type="fn"} ^,^ [c](#jah33026-note-0008){ref-type="fn"}

ATH indicates atherogenic; GOF, gain of function; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein; PCSK9, proprotein convertase subtilisin‐like/kexin type 9; TC, total cholesterol; TG, triglyceride.

*P*≤0.0008 compared with control.

*P*\<0.05 but *P*\>0.01 compared with control; N=7 animals per group. Analysis was 1‐way ANOVA, followed by Tukey‐Kramer comparison.

*P*≤0.0027 compared with PCSK9 GOF Ossabaw receiving standard diet.

Cardiac Structure and Function {#jah33026-sec-0027}
------------------------------

All groups had significantly different mean body weights at both study time points, and the *PCSK9* GOF animals gained a larger relative percentage of weight between the study time points (*P*=0.001 for standard and *P*=0.0003 for atherogenic). Mean heart rate and blood pressures recorded by telemetry were stable during the course of the study and similar between all groups at both time points (Table [S2](#jah33026-sup-0001){ref-type="supplementary-material"}). However, sedated heart rates for *PCSK9* GOF animals at 9 months of age were significantly increased over ambulatory age‐matched baselines. A similar change was not observed in the control group (Table [S2](#jah33026-sup-0001){ref-type="supplementary-material"}). End systolic volume was stable over the course of the study, and significantly lower mean end systolic volume in both *PCSK9* GOF groups compared with controls (*P*\<0.0086) can be attributed to differences in body weight. End diastolic volume (EDV) and LV mass (LVM) increased from 6 to 9 months of age only in the *PCSK9* GOF groups, irrespective of diet (Table [S2](#jah33026-sup-0001){ref-type="supplementary-material"}). Overall, EDV and LVM correlate with body weight at 6 months (EDV: *R* ^2^=0.32/*P*=0.0074; LVM: *R* ^2^=0.23/*P*=0.0293), but not at 9 months, of age. Because both EDV/LVM and body weights changed differentially, correlations between absolute difference in EDV or LVM and percentage of body weight gained between 6 and 9 months of age were examined. Only EDV in the control group positively correlated with body weight using this approach (*R* ^2^=0.66/*P*=0.0266). As a result, it would seem that increased EDV/LVM over time in *PCSK9* GOF animals is not entirely attributable to body weight gain. Screening for multiple interacting factors, including EDV or LVM (as appropriate), body weight, age, diet, and sedated heart rate, for effect by genotype, showed a strong positive correlation between LVM and EDV in the *PCSK9* GOF animals that is not observed in the controls (*P*\<0.0001). The effect of diet was also significant in these analyses, but only when compared with LVM (*P*=0.0428). Although stroke volume, ejection fraction, and cardiac output tended to decrease from 6 to 9 months of age in controls, increases over time in EDV and higher sedated heart rate resulted in significant increases in the *PCSK9* GOF animals (pooled *PCSK9* GOF animals; systolic volume, *P*\<0.0001; ejection fraction, *P*=0.0002; cardiac output, *P*=0.0011). Increases in ejection fraction for standard diet group and cardiac output for atherogenic diet group reached statistical significance in between‐group comparisons (Table [S2](#jah33026-sup-0001){ref-type="supplementary-material"}). Myocardial fibrosis was more prevalent in *PCSK9* GOF receiving atherogenic diet compared with controls (Figure [S3](#jah33026-sup-0001){ref-type="supplementary-material"}). Spatial densities of subendocardial and subepicardial microvessels (0.2--0.5 mm) were also increased in 9‐month‐old PCSK9 GOF, irrespective of diet (Figure [2](#jah33026-fig-0002){ref-type="fig"}).

![Representative micro--computed tomography (CT) images of myocardial vessels. A, Representative micro‐CT images from the characterization study showed vessel density is higher in gain‐of‐function (GOF) animals. B, Spatial density of subepicardial and subendocardial microvessels was variously increased in both model groups. Means and SDs shown. \**P*\<0.05 compared with control using 1‐way ANOVA testing, followed by comparisons for all pairs using Tukey‐Kramer honestly significant difference method. ATH indicates atherogenic; PCSK9, proprotein convertase subtilisin‐like/kexin type 9.](JAH3-7-e006207-g002){#jah33026-fig-0002}

In Vivo Coronary Imaging {#jah33026-sec-0028}
------------------------

Sensitive in vivo imaging modalities will be important for evaluating new drugs targeted at every stages of atherosclerosis development. To determine whether we could detect early and progressing lesions, we imaged the LAD using IVUS and OCT. As expected, no atherosclerotic lesions were observed in control animals at any time point; however, lesions were readily detectable in the *PCKS9* GOF groups. In the *PCSK9* GOF consuming a standard diet, 43% and 100% of the animals had OCT‐detectable lesions at 6 and 9 months of age, respectively, whereas 100% animals receiving atherogenic diet had detectable lesions at both time points. Percentage PV measured by IVUS increased over time in all groups and reached statistical significance for PCSK9 GOF atherogenic group (Figure [3](#jah33026-fig-0003){ref-type="fig"}B). By 9 months age, both PCSK9 GOF groups had significantly elevated percentage PV compared with age‐matched controls (Figure [3](#jah33026-fig-0003){ref-type="fig"}A). Virtual histological IVUS done at 9 months of age showed that 100% of the PCSK9 GOF animals had lesions containing a detectable necrotic core, and 9 of 13 of these animals also had dense calcification (Figure [3](#jah33026-fig-0003){ref-type="fig"}C and [3](#jah33026-fig-0003){ref-type="fig"}D). Compared with control group, medians for all plaque components increased for both PCKS9 GOF groups at 9 months of age. Necrotic core was significantly increased in both PCSK9 GOF groups, fibrous plaque was significantly greater in the atherogenic group, and fibrofatty plaque was significantly greater in the standard diet group. Hence, IVUS and OCT studies are effective for detecting early disease and provide measurable outcomes in follow‐up compared with baseline.

![In vivo lesion characterization. A, Percentage plaque volume measured by intravascular ultrasound (IVUS) was higher in the left anterior descending artery (LAD) of both model groups compared with controls. Means and SDs shown. \**P*\<0.05 compared with Control using 1‐way ANOVA testing, followed by comparisons for all pairs using Tukey‐Kramer honestly significant difference method. B, Percentage plaque volume measured by IVUS also increased longitudinally in the LAD of both model groups. Mean±SD shown. Significance of mean differences, determined from matched‐pair analyses by study group, is noted, and post hoc 2‐tailed *t* tests showed that only the *PCSK9* (proprotein convertase subtilisin‐like/kexin type 9) gain‐of‐function (GOF) atherogenic (ATH) group had statistically increased plaque volume over time. C, At 9 months age, all coronary plaque components by virtual histological IVUS were increased in model animals compared with control. Mean and SDs shown. Kruskal‐Wallis tests, followed by nonparametric comparisons for all pairs using Dunn method for joint ranking, revealed various component increases reached statistical significance, although these results are limited by this conservative approach because of missing data points. D, Corresponding IVUS and optical coherence tomography (OCT) images at the same coronary segment demonstrate longitudinal plaque progression. DC indicates dense calcification; FF, fibrofatty; FI, fibrous; NC, necrotic core.](JAH3-7-e006207-g003){#jah33026-fig-0003}

Lesion length (LL) and percentage DS of coronary lesions are important metrics for designing preclinical studies for stents or atherectomy devices. Accordingly, we used CTA to measure LL and DS in the LAD, LCX, and RCA at 6 and 9 months of age. No significant lesions were detected in the control group. At 6 months of age, irrespective of diet, PCSK9 GOF animals had sporadic detectable lesions in the proximal and middle segments of the LAD and RCA, but DS was low (\<10%) (data not presented). At 9 months of age, PCSK9 GOF animals consuming standard diet had detectable lesions that were most prevalent in the proximal segments, but were also detected in the middle segment of the LAD (Figure [S4](#jah33026-sup-0001){ref-type="supplementary-material"}). The maximal DS in these segments was 17% to 19%, with a maximal LL of 6.8 to 8.6 mm. At 9 months of age, the atherogenic diet group had 100% prevalence of detectable lesions in the proximal segments of the LAD and RCA, and all but 1 animal had lesions in the middle segment of the RCA. Mean DS and LL were higher in animals consuming atherogenic diet in all segments, except the middle LCX. Increases in DS for the proximal LAD and middle RCA, as well as LL for proximal RCA, reached statistical significance (*P*\<0.05) compared with PCSK9 GOF animals consuming standard diet. The maximal DS in these additional segments was 18% to 37%, with a maximal LL of 9.9 to 38.3 mm. Hence, PCSK9 GOF animals had increased lesion development over time, and consumption of the atherogenic diet increased lesion progression.

Microscopic Histological Analysis {#jah33026-sec-0029}
---------------------------------

At the summation of the study, we conducted histopathological analysis of the hearts from all groups to corroborate the findings from in vivo imaging studies. Compilation of all findings from all artery sections screened (Figure [4](#jah33026-fig-0004){ref-type="fig"}A through [4](#jah33026-fig-0004){ref-type="fig"}C) shows that in the control group, sections were predominantly normal, with early lesions found in 30% of sections. Overall in PCSK9 GOF groups, sections show more advanced lesions, including a smaller fraction of calcified lesions (Figure [4](#jah33026-fig-0004){ref-type="fig"}A through [4](#jah33026-fig-0004){ref-type="fig"}C). In the PCSK9 GOF group consuming atherogenic diet, 80% of sections revealed advanced lesions, with 10% of those showing calcification. Breakdown of these data by vessel type shows that the addition of the atherogenic diet increased the frequency of advanced lesions observed in the LCX and the frequency of calcification in all coronary arteries. Lesions in the RCA and LAD of PCSK9 GOF animals generally represent significant fibrofatty or fibroatheromatous plaques with necrosis and an overlying fibrous cap, as well as occasional intimal calcification highlighted by speckled to dense von Kossa staining (Figure [5](#jah33026-fig-0005){ref-type="fig"} and Figure [S5](#jah33026-sup-0001){ref-type="supplementary-material"}). Fibroatheromas (with necrotic cores) were observed in both the RCA and LAD of nearly every PCSK9 GOF atherogenic animal (specifically, 5 of 6 in the RCA and 6 of 6 in the LAD). All PCSK9 GOF arteries examined in this study, including the 14‐month‐old Landrace founder, had pronounced immunohistochemical staining for CD107a, particularly in the arterial intima, highlighting activated macrophages (Figures [1](#jah33026-fig-0001){ref-type="fig"} and [6](#jah33026-fig-0006){ref-type="fig"} and Figures [S2](#jah33026-sup-0001){ref-type="supplementary-material"} and [S6](#jah33026-sup-0001){ref-type="supplementary-material"}). All lesions in the control group lack CD107a^+^ and represent minimal neointimal thickening, consisting mainly of smooth muscle cells and proteoglycans, with rare foam cells (Figure [6](#jah33026-fig-0006){ref-type="fig"} and Figure [S6](#jah33026-sup-0001){ref-type="supplementary-material"}). In contrast, CD31 immunostaining, highlighting endothelial cells expressing platelet endothelial cell adhesion molecule, was similar in most PCKS9 GOF animals to that seen in controls, where expression was mostly limited to the luminal vascular endothelial cell lining; however, sporadic positive cells in the intima were in some of the most advanced lesions highlighting intraplaque angiogenesis (indicated vasa vasorum, Figure [6](#jah33026-fig-0006){ref-type="fig"}). E06 antibody immunostaining for oxidized phospholipid showed no increased accumulation of oxidized LDL in PCSK9 GOF animals versus controls.

![Quantification, classification, and distribution of atherosclerotic lesions by histopathologic analysis. A, The median and range is expressed as the percentage of all coronary artery sections showing lesions in each group (left anterior descending artery \[LAD\], left circumflex coronary artery \[LCX\], left main coronary artery \[LM\], and right coronary artery \[RCA\] compiled). LAD, LCX, and RCA compiles proximal, mid, and distal from an average 16 sections per animal, per artery. LM was not subdivided, and the average number of sections per animal is 2. \**P*\<0.05 compared with control; ^†^ *P*\<0.05 compared with *PCSK9* (proprotein convertase subtilisin‐like/kexin type 9) gain of function (GOF) receiving standard diet by Kruskal‐Wallis tests, followed by nonparametric comparisons for all pairs using Steel‐Dwass method. B, The distribution of atherosclerotic lesion type in all groups. C, The distribution of advanced, calcified, and early atherosclerotic lesion types in each coronary artery in all groups (compiled, of 100% per artery). Advanced and calcified lesions were not observed in controls. ATH indicates atherogenic.](JAH3-7-e006207-g004){#jah33026-fig-0004}

![Histopathological features of plaques in the right coronary artery (RCA). Representative histopathological features of the most stenotic section of the proximal RCA in each subject: control (n=5), *PCSK9* (proprotein convertase subtilisin‐like/kexin type 9) gain of function (GOF) (n=6), and PCSK9 GOF atherogenic (ATH) (n=6). A, The higher‐power magnifications (hematoxylin and eosin \[H&E\] and von Kossa stains) represent regions corresponding to the red box in the low‐power Movat\'s pentachrome stain. Histologic coronary staining top to bottom: modified Movat\'s pentachrome, H&E, picrosirius red, and von Kossa (highlighting calcium). Bar: low‐power image=1 mm; higher‐power image=500 μm. B, Sirius red staining images taken on BX51 Olympus microscope under polarized light were used for collagen quantification; the percentage of stenosis was also quantified in the displayed images. Values displayed are means and SDs. Calcification area in plaque and percentage of plaque area were quantified from the displayed von Kossa stained images. Calcification data were analyzed by Kruskal‐Wallis testing, followed by Dunn\'s multiple comparison. Median±interquartile values displayed. \**P*\<0.05 compared with control; ^†^ *P*\<0.05 compared with PCSK9 GOF receiving standard diet using 1‐way ANOVA, multiple comparison analysis.](JAH3-7-e006207-g005){#jah33026-fig-0005}

![Immunohistochemical analysis of plaques in the right coronary artery. A, Immunohistochemistry staining for CD107a, α‐smooth muscle actin (α‐SMA), CD31, and E06 highlights inflammation, neointimal hyperplasia, endothelial cells, and oxidized phospholipids, respectively, predominantly in gain‐of‐function (GOF) groups. B, CD107a, α‐SMA, and E06 immunostaining areas were quantified on HALO platform (Indica Labs, Corrales, NM), and results were presented as total CD107a‐ or α‐SMA--positive area per plaque area and the percentage of plaque area. Mean and SD are displayed. \**P*\<0.05 compared with control; ^†^ *P*\<0.05 compared with proprotein convertase subtilisin‐like/kexin type 9 (PCSK9) GOF receiving standard diet using 1‐way ANOVA, multiple comparison analysis. ATH indicates atherogenic.](JAH3-7-e006207-g006){#jah33026-fig-0006}

Discussion {#jah33026-sec-0030}
==========

This study describes the initial characterization of a novel atherosclerosis model produced by pairing genome‐engineering technology with Ossabaw genetics. Data from founder animals in this study show that a combination of the *PCSK9* GOF transgene with susceptible Ossabaw breed distinctly enhances features consistent with atherosclerosis compared with the same transgene in conventional swine. Without dietary challenge, PCSK9 GOF Ossabaw receiving standard diets have higher (up to 2‐fold) plasma lipids than wild‐type Ossabaw receiving HFHC diets. Both the PCSK9 GOF Ossabaw and wild‐type Ossabaw develop atherosclerosis, although the time frame is nearly half for the PCSK9 GOF animals (24 versus 43 weeks).[21](#jah33026-bib-0021){ref-type="ref"}, [51](#jah33026-bib-0051){ref-type="ref"} Unlike the HFHC‐fed Ossabaw in previous studies, we do not expect Metabolic syndrome (MetS) in our PCSK9 GOF animals receiving standard diet. Notably, without HFHC or MetS induction, PCSK9 GOF pigs consistently, 100% by 9 months of age, develop moderate atherosclerosis. This suggests MetS is not required for atherogenesis in the Ossabaw background and enables performing preclinical testing of treatments for early atherosclerosis and/or prevention without HFHC diets or MetS.

The Ossabaw model produces dyslipidemia consisting of increased LDLc and triglycerides to a level similar to humans with familial hypercholesterolemia. Consumption of an atherogenic diet amplifies the combined hyperlipidemia phenotype. In humans, high triglycerides (\>150 mg/dL), low HDL cholesterol (\<50 mg/dL in women, \<40 mg/dL in men), and increased prevalence of small dense LDL particles constitute atherogenic dyslipidemia that is associated with cardiovascular disease in patients with metabolic syndrome and type 2 diabetes mellitus.[52](#jah33026-bib-0052){ref-type="ref"} Likewise, studies have demonstrated reduced glucose tolerance and insulin binding/affinity in Ossabaw compared with Yorkshire swine and concluded that Ossabaw swine possess a natural insulin resistance.[53](#jah33026-bib-0053){ref-type="ref"}, [54](#jah33026-bib-0054){ref-type="ref"} Although lipoprotein particle size was only measured in founders, it is interesting that, compared with nonmodified pigs measured at the same time in the same laboratory, triglyceride concentration was increased in both Ossabaw and Landrace, HDL concentration was decreased, and VLDL particle size was smaller (Table [S1](#jah33026-sup-0001){ref-type="supplementary-material"}).

Indeed, others have realized the value of modeling atherosclerosis with naturally occurring mutations, knockout of *LDLR* or transgenic expression of *PCSK9‐D374Y*, and have showed significant elevations in total and LDLc.[1](#jah33026-bib-0001){ref-type="ref"}, [4](#jah33026-bib-0004){ref-type="ref"}, [5](#jah33026-bib-0005){ref-type="ref"}, [55](#jah33026-bib-0055){ref-type="ref"} Unlike Ossabaw, the Yucatan and conventional pigs do not develop MetS when challenged with HFHC diet, and lesion formation in the Yucatan PCSK9 GOF pigs is not increased by chemically induced diabetes mellitus type 1.[55](#jah33026-bib-0055){ref-type="ref"} Although this recent development of models demonstrates an unmet need in preclinical modeling, widespread access to these models is significantly limited geographically by International Animal Product Export Regulations.

The current study shows that this new model does not require diet modification or overt injury to develop atherosclerotic coronary lesions detectable by OCT, IVUS, and CTA. PCSK9 GOF animals in this study, irrespective of diet, developed lesions predominantly in the LAD and RCA, with similar pathophysiological characteristics and distribution to those seen in humans.[50](#jah33026-bib-0050){ref-type="ref"} Longitudinal evaluation by in vivo imaging can track disease development from early states to more progressive lesions; this is ideal for testing drugs that affect early‐stage atheroma development. Consumption of an atherogenic diet accelerates the rate and consistency of lesion development and produces more advanced coronary lesions that are multifocal and diffuse, similar to those seen in human disease progression, with consistent presence of inflammation, fibrosis, necrotic cores, and sporadic calcification. Histopathological analysis corroborates these results, but the degree of stenosis observed in tissue sections exceeds that observed by CTA or IVUS/OCT, likely because of tissue processing and/or outward remodeling. In humans, macrophages are present in the arterial intima early in atherosclerosis and accumulate with advancing disease. This is consistent with the pattern of CD107a^+^ macrophage staining in the arterial intima, irrespective of diet, from all PCSK9 GOF lesions, coronary arteries, examined in this study. The macrophage staining in the intima also appears to be more pronounced as lesions progress to more advanced stages. Despite some early lesion formation in control animals detected by IVUS and histological analysis, no macrophage staining was observed in these arteries nor was virtual histological IVUS able to detect features of more advanced lesions. In addition, the PV measurement by IVUS is prone to overestimation compared with histological analysis, which includes the media.[56](#jah33026-bib-0056){ref-type="ref"} This suggests that macrophage activation is an inherent feature of PCSK9 GOF that is enhanced by consumption of an atherogenic diet. PCSK9 GOF animals also developed mild LV hypertrophy and fibrosis and myocardial microvascular neovascularization, which is possibly secondary to the chronic inflammation observed.[57](#jah33026-bib-0057){ref-type="ref"}, [58](#jah33026-bib-0058){ref-type="ref"}

Myocardial metabolic dysfunction may lead to LV remodeling and diastolic dysfunction, attributed to the lipid‐related mitochondrial dysfunction and oxidative stress.[59](#jah33026-bib-0059){ref-type="ref"} The PCSK9 GOF animals also developed mild LV hypertrophy and fibrosis by 9 months of age. The observed myocardial microvascular neovascularization in model animals is consistent with the effect of hypercholesterolemia,[57](#jah33026-bib-0057){ref-type="ref"}, [58](#jah33026-bib-0058){ref-type="ref"} possibly secondary to oxidative stress and inflammation, and consequent release of cytokines and growth factors.[60](#jah33026-bib-0060){ref-type="ref"} This may have also accounted for myocardial fibrosis observed in the model animals. Last, both the PCSK9 GOF and PCSK9 GOF atherogenic groups had increases in EDV and LVM over time that were highly correlated, not entirely attributable to changes in body weight and not observed in controls. These data could be explained by decreased ventricular compliance because of the development of myocardial fibrosis and increased angiogenesis and/or reduced ventricular filling time because of the increased heart rate under anesthesia compared with baseline in the 9‐month‐old PCSK9 groups.

Limitations {#jah33026-sec-0031}
-----------

IVUS and OCT were only performed in the proximal 20‐mm segment of the LAD, which ultimately had fewer lesions than the RCA and, therefore, cannot be comprehensively compared with histopathological analysis. Furthermore, the relative lower spatial resolution of MDCT (0.5 mm) may limit its application in small‐caliber segments, particularly for lesions with mild stenoses observed in our study.[61](#jah33026-bib-0061){ref-type="ref"} In addition, CTA‐based coronary arterial stenoses in vivo showed slight discrepancy from histological features, possibly because of arterial remodeling, shrinkage of tissue during fixation, and the limited duration of study.[46](#jah33026-bib-0046){ref-type="ref"} The study also is limited by a short observation period and relatively mild stenoses; presumably, longer duration may induce more severe obstructive atherosclerotic lesions. The *PCSK9* cDNA used in this study was derived from chimp and codon optimized to pig. Because chimp and human PCSK9 are highly conserved (685/692 residues[62](#jah33026-bib-0062){ref-type="ref"}), we expect most protein inhibitors will cross‐react. Because of codon optimization, RNA interference therapy could be evaluated with custom targets, as demonstrated in rodents and nonhuman primates.[63](#jah33026-bib-0063){ref-type="ref"} Last, we studied clones of founder animal 1513, whereas future supply will be descendants of 1513. Characterization of additional PCSK9 GOF alleles in inbred or outcrossed animals may provide alternative lines with a range of penetrance and kinetics of disease progression.

In conclusion, this study shows that superimposition of a PCSK9 GOF on the Ossabaw pig background provides a consistent and practical model of human coronary atherosclerosis. Ongoing work with a combined hyperlipidemia phenotype with dietary induction of metabolic syndrome may also be useful for attaining consistent advanced lesion development in the peripheral vasculature describing peripheral atherosclerotic lesions that have previously been difficult to produce. This would further add to the human disease relevance of this model, aligning with growing public health attention to the increasing incidence of cardiovascular disease linked to metabolic syndrome and type 2 diabetes mellitus.[64](#jah33026-bib-0064){ref-type="ref"}, [65](#jah33026-bib-0065){ref-type="ref"}, [66](#jah33026-bib-0066){ref-type="ref"}, [67](#jah33026-bib-0067){ref-type="ref"}
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**Table S1.** Comparison of Founder Swine Blood Lipoproteins by Nuclear Magnetic Resonance

*Table S2. Comparison of Cardiac Function*

**Figure S1.** Ectopic *Pt*PCSK9D374Y expression reduces hepatic expression of LDLR. A, Serum PCSK9 levels, \**P*\<0.05 compared to Control using ANOVA followed by t tests. B, Western blot shows decreased LDLR detection in liver extracts in GOF groups.

**Figure S2.** Representative lesions from LCX artery of PCSK9 GOF founders. A through L, Left circumflex artery (LCX); Landrace founder at 14 months of age; Ossabaw founder at 15 months of age; Histologic coronary staining: hematoxylin & eosin (H&E) (A through D), modified Movat\'s Pentachrome (E through H), Immunohistochemistry staining for CD107a highlighting inflammation (I through L).

**Figure S3.** Myocardial fibrosis in PCKS9 GOF animals. A, Representative Sirius Red stating in left ventricle myocardial tissue. B, Quantification of Sirius Red staining in each group was analyzed using ANOVA followed by t tests. \**P*\<0.05 compared to Control.

**Figure S4.** Coronary artery lesion measurements by quantitative coronary angiography (CT images) in Ossabaw pigs at 9 months of age.

**Figure S5.** Histopathological features of plaques in the LAD. A, Representative histopathological features of the most stenotic section of the proximal left anterior descending (LAD) from different individual animals at 9 months of age. The higher power magnifications (H&E and von Kossa stains) represent regions corresponding to the red box in the low power Movat\'s Pentachrome stain. Histologic coronary staining top to bottom: modified Movat\'s Pentachrome; hematoxylin & eosin (H&E), picrosirius red; and von Kossa (highlighting calcium). Scale Bar: low power image=1 mm; higher power=500 μm. B, Sirius Red staining images taken on BX51 Olympus microscope under polarized light were used for collagen quantification; the percentage of stenosis were also quantified in the displayed images. Values displayed are means and standard deviations. Calcification area in plaque and percent of plaque area was quantified from the displayed von Kossa stained images with median±interquartile values displayed. \**P*\<0.05 compared to Control; ^†^ *P*\<0.05 compared to PCSK9 GOF on standard diet using one‐way ANOVA, multiple comparison analysis. Calcification data was analyzed by Kruskal--Wallis testing followed by Dunn\'s multiple comparison.

**Figure S6.** Immunohistochemical analysis of plaques in the LAD. A, Immunohistochemistry staining for CD107a, smooth muscle actin (SMA), CD31, and E06 highlights inflammation, neointimal hyperplasia, endothelial cells, and oxidized phospholipids respectively, predominantly in GOF groups. B, CD107a, SMA immunostaining areas were quantified on HALO platform (Indica Labs, Corrales, NM), and results were presented as total CD107a or SMA positive area and the percentage of plaque area. Mean and standard deviation is displayed. Analysis was performed using one way ANOVA, multiple comparison analysis. \**P*\<0.05 compared to Control; ^†^ *P*\<0.05 compared to PCSK9 GOF on standard diet.
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